Abstract
Introduction

25
Most offshore structures need mooring systems, in order to provide a restoring force to 26 counteract the effects of wind, wave and current loads. As operations move into more challenging 27 marine environments (e.g. deeper waters or wave-energy generation), the offshore industry has 28
repeatedly expressed concerns about the frequency of mooring line failures [1] , potentially resulting 29 in high cost mooring designs. Steel chain and wire rope have conventionally been used, but 30 contemporary designs often feature synthetic polyester ropes which typically have a lower submerged 31 mass per unit length, a lower cost per unit length and the potential to reduce peak loadings [2] , [3] . 32
Mooring ropes will be subject to variable loads throughout their lifetime, affecting their operational 33 properties (i.e. stiffness and damping) and potentially inducing fatigue [4] . For the most critical assets 34 (e.g. oil platforms), regular inspection with submersible vehicles is still the tool of choice for condition-35 monitoring, despite its known limitations [1] and the latest guidelines recommend full replacement of 36 ropes every few years [5] . Direct inspection is not easily carried out in more challenging environments, 37 for example in the energetic conditions suited to Wave Energy Converters (WECs) or in the strong 38 currents favoured for tidal turbines [6] . Mooring costs correspond to more than 10% of the capital cost 39 of a typical WEC installation [7] and regular visual inspection with submersible vehicles would further 40 affect the costs of marine renewable energy production, especially when scaled up to the dense arrays 41 now planned. Acoustic testing was carried out on three polyester rope samples from the same 85 manufacturers batch, referred to as R1, R2 and R3 in the following sections. The three samples were 86 eye-spliced in order to connect them into the test rig using mooring shackles. The total eye-to-eye 87 length of the three spliced ropes before loading was measured to be R1 = 3.53 m, R2 = 3.60 m, R3 = 88 3.62 m. The rope sample properties are given in Table I as stated by the manufacturer [17] . Figure 1  89 (a) provides a schematic of the construction of double braided rope and Figure 1(b) shows the 90 photograph for internal core and outer cover of the rope. 91 All three rope samples were subjected to similar tensile cyclic loading regimes with the 110 objective to progressively increase the maximum load until failure. Before applying tensile cyclic 111 loading, bedding-in was carried out for all three rope samples. The bedding-in procedure was specified 112 using the rope MBL as outlined in [16] . However, due to time constraints a shortened procedure was 113
Material
High tenacity Polyester Multifilament fibre 
121
The rope samples were subjected to sinusoidal load cycles, oscillating between the minimum 122 and maximum loads indicated. The minimum loading was set to 5 kN, whilst the maximum loading 123 was stepwise increased from 30 kN until rope failure. An example time series plot for cyclic loading of 124 between 5 kN and 90 kN is shown in Figure 2 (b). The cyclic loading was increased linearly in order to 125 study the acoustic emission for all regimes. Rope sample R1 was tested with slightly larger step-sizes 126 to identify loads of increased acoustic release. Rope samples R2 and R3 were tested with smaller 127 incremental steps to provide a different load increment. Initially, the rope sample R1 was subjected 128 to load cycles with a time period of 40 s, and this was later increased to 60 s for rope sample R2 and 129 R3 to minimize the background noise caused by the test rig. Table II summarizes the individual test  130 cycles experienced by each rope sample. 131 Cetacean cylindrical shaped directional hydrophones and the third was a ball-shaped JS-B100-C4DS-136 PA Integrated Acoustic Sensor. Table III summarizes the specifications for both types of hydrophones  137 used. The two cylindrical hydrophones were placed at the two ends of the rope samples close to the 138 splices ('Headstock hydrophone' and 'Z-ram hydrophone') and the third ball hydrophone was placed 139 at the centre of the rope samples ('Centre hydrophone'). The hydrophones were placed at equal 140 distances (i.e. 1.6 m) along the rope in order to cover the entire length of the rope. A schematic of this 141 configuration and photographs of the mounted hydrophones are shown in Figure 3 . 142
The test rig was filled with fresh water and the rope samples were submerged 10 cm deep. 143
The hydrophone array was placed at a distance of 10 cm next to the length of the rope and at the 144 same depth in the water. The hydrophones were enclosed in a wire cage to protect them from 145 damage. Similarly, the cables of the hydrophones were passed through PVC pipes for protection. The 146 pipes were filled with self-expanding foam to avoid them acting as acoustic wave-guides. The 147 hydrophones were fixed to the rig using G-clamps and timber with the use of protective padding to 148 avoid the transmission of any external vibration. 149 The test rig produced a continuous high amplitude and low frequency tonal noise at 230 Hz. 208
The harmonics of the tonal noise can be seen in the spectrogram along with high frequency 209 cracking/mechanical noises due to valves and movement of the linear actuator as shown in Figure 5  210 (b). The headstock of the rig was held at a fixed position; therefore, the source of noise was due to 211 the movement of the linear actuator alone. 212
Furthermore, the AE of the test rig is very periodic, which improves the predictability of this 213 noise source. The amplitude of the noise produced varies in accordance with the time period of the 214 loading cycle, i.e. it depends on the speed of linear actuator movement. The optimum loading cycle 215 was found to be at 60 s duration where the linear actuator produces minimum noise for a given load. 216
Thus longer cycle durations were selected to reduce the AE emissions from the test rig. It is 217 acknowledged here that the 60 s duration load cycle is larger than what would be experienced by 218 mooring systems of small wave energy converters excited at first-order wave frequencies. 
Acoustic emission signatures
225
The polyester rope samples subjected to cyclic loading produced a variety of AE. All of the AE 226 signatures detected from the rope specimens were bursts of sound lasting for a very short period of 227 time in the order of 0. 
245
The medium amplitude signal is broadband and covers the frequency band 500 Hz -48 kHz. 
Classification
261
During testing a number of different signals were detected and hence the introduction of 262 some descriptive language will help to classify them (Table IV) . 263 
273
With the increase in loading force, the rope samples produced a series of high-frequency AE 274 signals. As the mean load was increased more high-frequency noise along with a series of large signals 275
were produced followed by internal core and subsequent outer core failure. All rope samples failed 276 before the rope was loaded to the MBL specified by the manufacturer i.e. the rope sample R1, R2 and 277 R3 failed at 76 % MBL, 77 % MBL and 87 % MBL respectively. Failure location was identified by the 278 time difference of arrival measured with pairs of hydrophones. Table V summarizes the location and  279 measured breaking load for the three rope samples. Figure 10 The AE signals were produced over various frequency bands with varying amplitude. This study has demonstrated that it is in principle feasible to detect mooring line failures with acoustic 366 emission monitoring techniques. Further work will be dedicated to examine the physical failure 367
mechanisms in order to demonstrate the working principle of AE monitoring techniques for mooring 368 systems. The work will also be extended in form of sea trials to study the practical feasibility of AE 369 monitoring in noisy ocean environment. 370
